Continuous Monitoring of Rabi Oscillations in a Josephson Flux Qubit 
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Under resonant irradiation, a quantum system can undergo coherent (Rabi) oscillations in time. 
We report evidence for such oscillations in a continuously observed three- Josephson-j unction flux 
qubit, coupled to a high-quality tank circuit tuned to the Rabi frequency. In addition to simplicity, 
this method of Rabi spectroscopy enabled a long coherence time of about 2.5/xs, corresponding to an 
effective qubit quality factor ~7000. 

PACS numbers: 03.67.Lx, 85.25.Cp, 85.25.Dq 

Small superconducting devices can exist in superpo- 
sitions of macroscopically distinct states, making them 
potential qubits [1] . In flux qubits such states are distin- 
guished by a magnetic flux, corresponding to a circulating 
current < 1/iA. Microwaves in resonance with the spac- 
ing between a qubit 's energy levels will cause their oc- 
cupation probabilities to oscillate, with a frequency pro- 
portional to the microwave amplitude. Such Rabi oscil- 
lations have been detected, using statistical analysis of 
the response to external pulses [2-5]. This requires pre- 
cise pulse timing and shape, motivating our search for a 
complementary, continuous observation method. 

The oscillations will only last for a coherence time from 
the instant the high-frequency (HF) signal is applied, af- 
ter which the levels will be occupied almost equally. The 
system's correlations, however, will be affected by Rabi 
oscillation as long as the HF signal is on. Therefore, the 
signature of Rabi oscillations can be found in the auto- 
correlation function or its Fourier transform, the spectral 
density. In particular, if the qubit is coupled to a tank 
circuit, the spectral density of the tank- voltage fluctua- 
tions rises above the background noise when the qubit 's 
Rabi frequency wr, coincides with the tank's resonant fre- 
quency lot. This forms the basis for our measurement 
procedure of Rabi spectroscopy. 

The qubit is described by the Hamiltonian 



Changes in qubit magnetic moment due to Rabi oscil- 
lation excite the tank. If photons in the latter have a 
sufficiently long lifetime, one can accumulate (hence the 
name "tank") a sufficient number for their detection to 
be almost classical, while (for a small coupling coefficient) 
their emission from the qubit is still weak enough to dis- 
rupt the Rabi oscillation only occasionally. In detail, the 
qubit contribution to the nonequilibrium spectral density 
of the tank voltage is [7] 
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where 7t (Ct) is the damping rate (capacitance) of the 
tank circuit, and L q (J q ) is the inductance (persistent 
current) of the qubit loop. The tank-qubit coupling is 
k = Mj y/L^Lq, with M (Lt) the mutual (tank) induc- 
tance. The effect vanishes at the degeneracy point e = 0, 
since both qubit eigenstates then have zero average per- 
sistent current [8]. Note that Sy in Eq. (3) has two fac- 
tors: the first describes the qubit signal, the second its 
filtering by the tank's response function. Besides, the 
total tank spectrum Sv,t(w, ur) has a background part 
5b (<x>), due to thermal and quantum damped-oscillator 
noise uncorrelated with the qubit contribution. 
The qubit's total decoherence rate, 



with A the tunnel splitting, e the DC energy bias, and 
W(t) = WcosLJ HF t the HF signal. For W = 0, the qubit 
levels |0) and |1) have energies respectively, where 

il = VA 2 + e 2 . Rabi oscillations between these levels are 
induced near resonance lo hf ~ Q/h. At resonance, 

huj R = (A/Q) W , (2) 

proportional to W (oc \/~P, with P the HF power) [6]. 



i» = r 



T T 2 

4A .2^Vq 



h 2 « 2 V 



(4) 



incorporates an internal contribution Tq, as well as a 
resonant one of the tank; see further Ref. [7]. If T — 
r(wr) 3> 7t, the peak value in lo of Sy is reached at wt: 

SV,max(wR) OC CJ R /[(w|-W R ) 2 +0;|r 2 ]. Thus, SV,max(^R) 

lies on a Lorentzian-type curve with a width determined 
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FIG. 1: Measurement setup. The flux qubit is inductively 
coupled to a tank circuit. The DC source applies a constant 
flux 3> e ~ l^o- The HF generator drives the qubit through 
a separate coil at a frequency close to the level separation 
A/h — 868MHz. The output voltage at the resonant fre- 
quency of the tank is measured as a function of HF power. 



by r. Hence, observing such a distribution not only is 
evidence for Rabi oscillations in the qubit, but also gives 
information about its coherence time. 

We use a small-inductance superconducting loop inter- 
rupted by three Josephson junctions (a 3JJ qubit) [9], in- 
ductively coupled to a high-quality superconducting tank 
circuit [10] (Fig. 1). This approach is similar to the one 
in entanglement experiments with Rydberg atoms and 
microwave photons in a cavity [11]. The tank serves as 
a sensitive detector of Rabi transitions in the qubit, and 
simultaneously as a filter protecting it from noise in the 
external circuit. Since wt <C 0,/H, the qubit is effec- 
tively decoupled from the tank unless it oscillates with 
frequency lot- That is, while wide-band (i.e., fast on the 
qubit time scale) detectors up to now have received most 
theoretical attention (e.g., [12]), we use narrow-band de- 
tection to have sufficient sensitivity at a single frequency 
even with a small coupling coefficient; cf. above Eq. (3). 
The tank voltage is amplified and sent to a spectrum an- 
alyzer. This is a development of the Silver Zimmerman 
setup in the first RF-SQUID magnetometers [13], and is 
effective for probing flux qubits [14, 15]. As such, it was 
used to determine the potential profile of a 3JJ qubit in 
the classical regime [16]. 

The qubit was fabricated out of Al inside the tank's 
pickup coil (Fig. 2). We aimed for the parameters sug- 
gested in Ref. [9] . Two junctions have areas 200 x 600nm 2 
and one is smaller, so that the critical currents have ra- 
tio a = Ic3/I c i,2 ~ 0.8. The tank was fabricated using a 
Nb thin-film pancake coil on an oxidized Si substrate. It 
has lut/2it — 6.284MHz, consistent with the estimated 
L T = 0.2/iH and C T = 3nF. The qubit has L q = 24pH; 
the larger junctions have C q = 3.9fF and I c i^ = 600nA. 
The tank's quality factor Qt = lut/2jt — 1850 corre- 
sponds to a linewidth —1.7kHz, while M = 70pH. The 




FIG. 2: The Al qubit inside the Nb pancake coil. 



noise temperature of the cold amplifier is — 300mK [17]. 

The qubit loop encloses an external magnetic flux $ e . 
Its total Josephson energy is Ej = Y^=i -^Ji(0i); where 
4>i and Eji — hl c i/2e are the phase difference and Joseph- 
son energy of the ith junction. Due to flux quantiza- 
tion and negligible L q , only 4>i^ are independent, with 
03 = - 4>2 — 27T<j> e /<I>o ($o = h/2e is the flux quan- 
tum). The quantum dynamics in the resulting poten- 
tial -Ej(0i,0 2 ) is determined by the ratio of Ej and the 
Coulomb energy Ec ~ e 2 /C q <C Ej . For suitable param- 
eters, at $ c = the system has degenerate classical 
minima \L) and \R) 1 with persistent currents circulating 
in opposite directions [9]. A finite Eq lifts the degen- 
eracy by allowing tunneling between these minima, and 
opens a gap A at the anticrossing between the ground 
and first excited states, |0,1) = (\L)±\R})/^/2. Hence, 
the qubit can be treated as a two-level system described 
by Eq. (1). 

To measure Sv, we tuned the HF signal in resonance 
with the qubit [8] . We only found noticeable output when 
w HF /27r = 868 ± 2MHz, in agreement with the estimated 
splitting A/h — 1GHz. One important feature of our 
setup is a two orders of magnitude mismatch between 
w HF and the readout frequency w T . Together with the 
high Qt, this ensures that the signal can only be due to 
resonant transitions in the qubit itself. This was verified 
by measuring Sy also when biasing the qubit away from 
degeneracy. A signal exceeding the background, that is, 
emission of — 6MHz photons by the qubit in response to 
a resonant HF field in agreement with Eq. (3), was only 
detected when the qubit states were almost [cf. below 
Eq. (4)] degenerate. The measurements were carried out 
at T = lOmK. No effect of radiation was observed above 
40mK (with 40mK//ifc B « 830MHz, i.e. close to A/h). 

We plotted Sv,t{to) for different HF powers P in Fig. 3. 
As P is increased, wr grows and passes lot, leading to a 
non-monotonic dependence of the maximum signal on P 
in agreement with the above picture. This, and the sharp 
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FIG. 3: The spectral amplitude of the tank voltage for HF 
powers P a < Pi < P c at 868MHz, detected using the setup 
of Fig. 1. The bottom curve corresponds to the background 
noise without an HF signal. The inset shows normalized volt- 
age spectra for seven values of HF power, with background 
subtracted. The shape of the resonance, being determined by 
the tank circuit, is essentially the same in each case. Remain- 
ing tiny variations visible in the main figure are due to the 
irradiated qubit modifying the tank's inductance and hence 
its central frequency, and in principle similarly for dissipa- 
tion in the qubit increasing the tank's linewidth [7]; these are 
inconsequential for our analysis. 



dependence on the tuning of uj hf to the qubit frequency, 
confirm that the effect is due to Rabi oscillations. The 
inset shows that the shape is given by the second line of 
Eq. (3) for all curves. 

For a quantitative comparison between theory and ex- 
periment, we subtracted the background without an HF 
signal from the observed SV.t, yielding Sy(cj) = SV,t (<*>) — 
Sb(w) [18]. Subsequently, we extracted the peak val- 
ues vs HF amplitude, Sv,max{y/ P/ Po) — niax w Sy(u) ~ 
SV(wt), where Po is the power causing the maximum re- 
sponse; see Fig. 4a. In the same figure, we plot the the- 
oretical curve for SVmax normalized to its maximum So, 
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w — lj-r/wt (= yj P/ Po theoretically) and g — T/ut- 
The best fit is found for T « 0.02w T ~ 8 • lOV 1 [19]. 
Thus, the life-time of the Rabi oscillations is at least 
TRabi = 2/r w 2.5/iS [20], leading to an effective quality 
factor Qrtabi = A/(hT) ~ 7000. These values substan- 
tially exceed those obtained recently for a modified 3JJ 
qubit (TRabi ~ 150ns) [5], which is not surprising. In 
our setup the qubit is read out not with a dissipative 
DC-SQUID, but with a high-quality resonant tank. The 
latter is weakly coupled to the qubit (k 2 ~ 10~ 3 ), sup- 
pressing the noise leakage to it. 

Finally, we can restore u;r,(\/P). Assuming the spec- 
trum to be described by Eq. (5) with F = 0.02o;t, we 
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FIG. 4: (a) Comparing the data to the theoretical Lorentzian. 
The fitting parameter is g ~ 0.02. Letters in the picture cor- 
respond to those in Fig. 3. (b) The Rabi frequency extracted 
from (a) vs the applied HF amplitude. The straight line is 
the predicted dependence cjr / ujt = yj P/ Po- The good agree- 
ment provides strong evidence for Rabi oscillations. 



correlate the experimental and theoretical points giving 
the same normalized value: [SV,max(wR/o'T)/<So]thcor = 
[Sv,-ma, x {\/PjPo) / S ] cxp . Figure 4b confirms the linear 
dependence wr/cjt = y/P/Po [Eq. (2)], given by the line. 

In conclusion, we have observed Rabi oscillations in 
a three-junction flux qubit coupled to a resonant tank 
circuit. The oscillation frequency depends linearly on 
the applied HF amplitude, as predicted. The method 
of Rabi spectroscopy does not require precise pulse tim- 
ing. A lower bound on the coherence time is 2.bfis. 
The qubit 's coherence survives its coupling to the exter- 
nal tank circuit, to the extent that TR a bi is ~16 times 
the Rabi period. All main features have been repro- 
duced in a second sample with u HF /27r = 3.665GHz and 
ujt/2tt = 27.5MHz (data not shown), though with a 
somewhat lower Qriabi- Thus, high-quality superconduct- 
ing tanks provide a straightforward and sensitive method 
for qubit characterization; their use as coupling elements 
between qubits is actively being researched [21]. 
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